To measure and compensate for soft tissue deformation during imageguided neurosurgery, we have developed a novel approach to estimate the threedimensional (3-D) topology of the cortical surface and track its motion over time.
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DOI: 10.1227/01.NEU.0000146263.98583.CC I t has long been recognized that brain tissue deforms during an open cranial surgery (17, 18, 33, 34, 37, 44) . Existing techniques for capturing tissue deformation during surgery include intraoperative magnetic resonance imaging (MRI) (3, 13, 15, 26, 30, 35, 49) , intraoperative computed tomographic (CT) scanning (25) , and intraoperative ultrasound (4, 5, 21, 22, 24, 45, 48) . Intraoperative MRI and CT scans are able to image the full brain volume, but their high costs and stringent implementation requirements hinder their general acceptance. Intraoperative ultrasound offers partial-volume updates, but the image quality is relatively poor, especially as surgery progresses and the contact-induced brain deformation by the transducer compromises spatial registration between preoperative image data and tissue locations detected by ultrasound.
Since its introduction in 1962 (19) , the stereoscopic operating microscope has been an integral part of a neurosurgical operating room (OR). We have designed and implemented a stereo vision system that can recover the three-dimensional (3-D) topology of a surgical scene by use of an operating microscope. The system is underpinned by the technique of stereopsis, a process in which the depth is estimated through identification of corresponding points in a stereo image pair. Several groups have attempted to acquire the 3-D topology of the cortical surface with the goal of gaining cortical displacement data for brain modeling. In their phantom studies, Audette et al. (1) used a commercial laser range sensor to estimate the 3-D cortical structure and proposed incorporation of the surface motion into a brain model. Miga et al. (29) used a similar scanner to digitize cortical features, which were used to register the patient in the OR with the preoperative magnetic resonance (pMR) volume. Skrinjar et al. (38) also used stereopsis for their estimates, but with a limited camera calibration procedure and a restrictive Lambertian assumption. Here, we present our approach for estimating the 3-D topology of the cortical surface, data from controlled phantom studies, and our experience with this methodology in 10 clinical cases.
To quantify accuracy, we compare our system's ability to localize points in three dimensions with that of a standard optical point-digitizer. After the 3-D cortical surface has been estimated from stereo pairs, surface displacements are calculated by comparing the current surface with its previous locations. We use sample cases to describe the computational process in detail and then present results from other surgeries. These clinical cases include a variety of pathological conditions and prescribed surgical interventions. Different types of cortical surface motion have been captured with our stereo vision system, including surface bulge, surface sag, the bulgesag combinations, cortical pulsation, and surface remodeling because of resection.
PATIENTS AND METHODS

Stereopsis
To estimate the 3-D topology of the cortical surface at the site of a craniotomy, we use a technique called stereopsis. To facilitate this process, two charge-coupled device cameras (DFW-ϫ700, Resolution 1024 (H) ϫ 768 (V), Sony Corp., New York, NY) have been attached to the binocular optics of the stereoscopic operating microscope (Model M695; Leica USA, Rockleigh, NJ) (Fig. 1) . Stereo image pairs are acquired at 15 frames per second. The stereo images can be displayed on a computer monitor and fused using liquid-crystal display glasses to provide a real-time 3-D view of the operating scene.
Estimating the 3-D surface from a stereo pair of images involves two main steps: 1) for each point in the left stereo image, find the corresponding point in the right image (i.e., stereo matching); and 2) from this correspondence, use triangulation to determine the 3-D coordinates of the object. The first step is the more challenging of the two, and there is a significant literature on stereo matching (see References 9 and 46 for theories on stereopsis and stereo matching and Reference 7 for a general survey of technical implementations).
Building on this literature, we have implemented a number of matching constraints tailored to the recovery of a cortical surface.
First, the epipolar constraint (16) is applied to aid the search for corresponding points, reducing the search from the entire right image to a single line, the epipolar line. The geometrical constraint is obtained by calibrating each of the cameras with respect to a 3-D coordinate frame. Standard camera calibration (47) yields both the intrinsic and extrinsic camera parameters of the stereo vision system. The intrinsic parameters are the focal length, camera center, image aspect ratio, lens distortion coefficient, and the conversion factors between the camera sensor coordinates and the final image coordinates. In our case, these parameters define the mapping from the 3-D microscope frame to two-dimensional microscope image coordinates. The extrinsic parameters relate the 3-D microscope frame to the 3-D coordinate system of a fixed (and arbitrary) calibration system via a rigid body transformation. Details of our camera calibration procedures have been published (39) . With the camera parameters, a pair of stereo images can be reoriented (rectified) such that pairs of epipolar lines become collinear and parallel to one of the image axes (usually the horizontal axis). This process allows the stereo matching algorithm to take advantage of the epipolar constraint and simplify the search space to the corresponding rows of the rectified images. Second, for each point in the left image, an intensity-based correlation metric (46) is used to search for its correspondence along the same row of the right image (rectified). The selected corresponding point is where this metric achieves its maximum value. Finally, a continuity constraint is used to reduce sensitivity to noise and any incorrect correspondences (see References 40-43 for more technical details). Because the matching process is based on an image pair of the cortical scene, we have placed no restrictions on the size of the cortical area, nor do we need to specify the general location and orientation of the surgical view with respect to the cranium.
To avoid lengthy computations, correspondences between only a subset of pixels are computed. Specifically, the boundary of the cortical surface is manually segmented, and the 3-D coordinate of approximately 1000 uniformly spaced pixels (matching tokens) within this region are chosen for matching. Combining the established correspondences for all matching tokens and camera parameters, triangulation yields the desired 3-D coordinates. The final shape of the cortical surface is represented by a point cloud that consists of approximately 1000 points. The coordinates of the stereoscopically reconstructed cortical surface are then incorporated into our conventional imageguided neurosurgery system. Before surgery, a standard volumetric MRI scan (typically a 256 ϫ 256 ϫ 124 matrix in which the voxel size is 1.015 ϫ 1.015 ϫ 1.5 mm 3 ) is obtained for each patient by use of a 1.5-T GE MRI scanner. The scalp-attached fiducials are used to register the patient in the OR with the preoperative volumetric MRI scans. During surgery, an optical positioning system (Polaris System; Northern Digital, Inc., Waterloo, ON, Canada) is used to continuously track the patient's head clamp and the operating microscope. Patient registration and tool tracking allow the coordinates of the stereoscopically reconstructed cortical surface to be coregistered, with the coordinate systems representing the OR space and the pMR volume.
Cortical Tracking
Before the dura is opened, the 3-D dural surface topology is estimated from the stereo pair as described in the previous section. We regard the shape of the cortex to be the same as the dural surface before its removal. At this point, we assume that brain deformation (relative to the closedcranium preoperative state) is minimal. After the dura is opened, the cortical surface is re-estimated approximately every minute. Although the shape of the craniotomy site, including the cortical surface and surrounding structures such as the bony cranium, can be estimated by use of stereopsis, only the cortical surface itself is selected for tracking.
To quantify the amount of cortical motion over time, it is necessary to track the estimated cortical structure between times t and t ϩ ⌬t. This tracking is complicated because of the lack of correspondence between the estimated structures.
To resolve this, we use the iterative closest point algorithm (2) . This process involves first estimating the cortical surface at time t and t ϩ ⌬t. Then, for points on the surface at time t, the iterative closest point algorithm is used to find corresponding points on the surface at time t ϩ ⌬t such that the overall euclidean distances between the two surfaces, represented as respective point clouds, are minimized. The displacement is the vector that connects the point being tracked to its corresponding point at the next time increment.
In the case of cortical surface missing because of resection, surface tracking is then performed in the reverse direction to avoid any erroneous tracking. Namely, for points on the surface at time t ϩ ⌬t (a smaller cortical surface after resection), the iterative closest point algorithm is used to find correspondence points on the surface at time t (a larger cortical surface before the resection). The tracking can be executed with as fine a temporal resolution as 15 Hz, although real-time tracking at this rate would need to be performed off-line with the present computing hardware.
RESULTS
System Accuracy
To quantify the accuracy of our stereo vision system, we tested both its ability to localize points in three dimensions and its ability to capture the shape of the cortical surface. First, the localizations of points in three dimensions using the stereo vision system were compared with an optical stylus probe. To begin, we measured, using the stylus probe, the 3-D location of several microscrews (Leibinger E-Z Flap Plating System; Stryker Corp., Kalamazoo, MI) used as fiducial markers placed on the bony rim of the cranial opening. These fiducials are denoted as MS1 to MS4 in Figure 2A .
The stylus is tracked by a conventional optical tracking system (the Polaris System), which defines the world (OR) coordinates. The root mean square tracking error of a single marker on a tool such as the optical stylus is reported by the manufacturer to be 0.35 mm in either the active or passive mode (31) . The accuracy of locating a known point using the stylus depends on the number of markers on the stylus and the tool geometry. Our results show that, when returning repeatedly to a single point in space, our optical stylus probe yields the same position within 0.87 mm.
The 3-D locations of microscrews were estimated using stereopsis: the center of each microscrew was manually segmented in the microscope images, and their 3-D positions were computed as the mean of the estimated 3-D coordinates of a small neighborhood centered about this position. Stylus acquisitions were then compared with their corresponding stereopsis estimates. During 10 clinical cases, 38 fiducials were implanted and digitized using both methods. Each case used an average of 3.8 fiducials, with a minimum of 3 and a maximum of 5 markers. The root mean square difference between these estimates with respect to the number of matching tokens used to reconstruct the surgical scene is shown in Figure 2B . The absolute difference between these estimates decreases as the number of matching tokens increases from 100 to 600, then it levels off at approximately 1 mm, when the number of matching tokens is greater than 700. With 1000 matching tokens applied, the difference is 1.02 mm, with a standard error of 0.07 mm. The maximum error is 1.35 mm, with a minimum error of 0.61 mm. This number of matching tokens is more than sufficient to capture details in different shapes of the surgical scene during the course of surgery.
To quantify system accuracy in capturing the shape of the cortical surface, controlled experiments were performed using a brain-shaped phantom (Fig. 3) . Agar gel was poured into a mold that resembles a human brain. Several electric wires were embedded in the gel and placed close to the surface to simulate cortical vasculature. A CT scan of the phantom was then obtained. A conventional edge detection was performed to obtain the shape of the cortical surface in the CT volume. The phantom was brought to the OR. Stereo pairs were acquired, and the shape of the "cortical" surface was reconstructed. The same shape obtained by CT scan was compared with the reconstructed shape via stereopsis. This comparison was performed by quantifying how well the two shapes coincided with each other when a best possible rigid transformation between the CT image volume and the OR space was applied. An iterative process was used to calculate this transformation by globally minimizing a mean-square distance metric (2) . When the two shapes were best matched in a common coordinate space, the mean distance between the same features was 1.16 mm, with a maximum of 2.96 mm and a minimum of 0.08 mm.
Digitizing the Cortical Surface
During a clinical case, the reconstruction of the surgical scene after craniotomy begins with the acquisition of a stereo pair (Fig. 4, A and B) . The estimated 3-D surface is shown both in wire-frame and in texture mapping modes in Figure 4 , C and D. For texture mapping, after the reconstructed surface had been interpolated onto the same sampling lattice as the left image of the stereo pair, each reconstructed point was assigned with its corresponding pixel intensity. On a 1.1-GHz personal computer, the reconstruction of a surface for a stereo image pair using 1000 matching tokens requires approximately 60 seconds of computation. The reconstructed cortical surfaces from nine other clinical cases are shown in Figure 5 . The relevant patient information is given in Table 1 .
Cortical Tracking
We use one patient case to illustrate how cortical surface motion is tracked and then present the results from nine other cases. Patient 6 is a 62-year-old man with a cystic renal cell carcinoma metastasis in the right posterior temporal region of the brain. Stereo pairs of the cortical surface were acquired at three
FIGURE 6. Stereo pairs acquired at different stages of the surgery for Patient 6: before dural opening (A and B), after dural opening (C and D), and after partial cyst drainage (E and F).
stages of the surgery: before and after opening of the dura and after partial cyst drainage. Three corresponding stereo pairs are shown temporally from top to bottom in Figure 6 . Locations of the cortical surface were then estimated by use of stereopsis. Before the surgery, a standard volumetric MRI scan was acquired for each patient. Using the estimated rigid registration between the OR space and the pMR volume, the reconstructed surfaces were overlaid with the pMR slices, as shown in Figure 7 . Three colored lines were created by calculating the intersections between the reconstructed surfaces and MRI slices. Green lines correspond to the surface before opening of the dura, yellow lines to the surface after opening of the dura, and magenta lines to the surface after partial cyst drainage. To aid the visualization, the portion of the cranium at the site of craniotomy was removed from the pMR volume on the basis of the registered stereo view of the surgical opening. In Figure 7 , before opening of the dura, brain deformation is minimal (green lines) and the tracked cortical surface is well aligned with the rigidly registered pMR. The cortical surface (yellow lines) bulged after dural opening because of increased intracranial pressure. When the surgeon opened and partially drained the cyst cavity, the cortical surface (magenta lines) sagged from its previous position (yellow lines). Note that in this figure, although the cortical surface underwent a multiplicity of motions, the reconstructed bony edges of the craniotomy site from the three stereo pairs remained fused with the cranium in the pMR slices.
Approximately 1000 points from the reconstructed cortical surface (green) before dura opening were selected for tracking. The iterative closest point algorithm was used to determine distances moved when the surface later bulged (yellow). The average magnitude of the bulge among the points tracked was 5.00 mm, with a maximum of 7.79 mm and a minimum of 2.03 mm. The iterative closest point algorithm was again used to determine how these points moved from the bulged surface (yellow) to the sagged surface (magenta) after the partial cyst drainage. Because a portion of the cortical surface was resected to open the cyst cavity, the reversed iterative closest point algorithm was used for tracking. The average magnitude of the sag was 5.77 mm, with a maximum of 8.60 mm and a minimum of 2.35 mm.
Through tracking of these 3-D points, we estimated the cortical displacement with respect to the cortical surface before any deformations. In most cases, the cortical surface under the dura was regarded as the state of no deformations. When the stereo pair of the cortical surface under the dura is absent, the cortical surface segmented from the coregistered pMR volume is used instead. Shown in Table 2 , the topology of the cortical surface was captured with approximately 1000 point elements during each of the 10 clinical cases. Shown are minimum, maximum, and mean of the estimated displace- Figure 6 overlaid on the rigidly registered coronal pMR slices. Green, yellow, and magenta lines correspond to surfaces before dural opening, after dural opening, and after partial cyst drainage, respectively. Note that the cortical surface bulged when the dura was opened and then sagged once the cyst was partially drained. ments. A negative value indicates a sagging motion, and a positive value indicates a bulging motion, relative to the closed-cranium position. When the estimated motion is a combination of bulge and sag, the minimum displacement represents the largest sag and the maximum displacement represents the largest bulge.
FIGURE 7. Three cortical surfaces (color lines) reconstructed from the stereo pairs in
Other Cortical Motions
Advantages of our stereo vision system include its fast acquisition rates, predominantly automated steps, and overall accuracy. As described below, these characteristics allow us to capture other important cortical behavior that enhances image guidance and overall clinical decision making during surgical procedures.
Resection Cavity
Tissue resection is the major objective in many neurosurgical procedures. We have used our stereo vision system to provide a real-time update of the tissue topology at the craniotomy site referenced to the initially registered pMR. Patient 9 is an exemplary illustration of how the shape of the resection cavity is captured. During surgery, the tumor in the right parietal region was resected, and a resection cavity was created. A stereo pair acquired at this stage is shown in Figure 8 , A and B. The shape of the cortical surface, including the resection cavity, was reconstructed, as shown in Figure 8 , C and D, from two different vantage points. Using the techniques described in the previous section, the reconstructed cortical surface and resection cavity are presented as yellow lines in the pMR space ( Figure 9) . The ability to provide surgical guidance was further enhanced through the illustration of the progression of tissue deformation during surgery. Here, the cortical surface, after opening of the dura, was also plotted (green) in the preoperative image volume. Note that the resection cavity extended into the tumor region in the pMR and the cortical surface deformed significantly after tissue retraction and resection. However, the resection cavity did not encom- pass the entire tumor. This is probably because of subcortical tissue deformation in response to the resection itself, which is not quantified in this case and deserves more attention in the future. Our stereo vision system offers the ability to continuously and intraoperatively monitor the shape of the cortical surface during resection.
Brain Pulsation
In 1987, Feinberg and Mark (10) described what they believed to be the first observations and measurements of human brain motion, which occurs in extensive internal regions (particularly the diencephalon and brainstem) and is synchronous with cardiac systole. This physiological motion of the brain reflects the response of the brain parenchyma, spinal chord, and cerebrospinal fluid to changes in arterial and venous pressure and volume during the cardiac cycle (8, 12) . The pulsatile motion can also be observed at the cortical surface at the site of craniotomy, but the degree of these motions varies among patients.
To estimate the pulsation of the cortical surface, a video of the surgical scene is acquired at 15 frames per second. Each frame consists of a stereo image pair. The operating microscope is kept stationary during the image acquisition to minimize the tracking error. From the first image pair in the video, several cortical features are chosen to be tracked. As described earlier, the motions of these features were estimated over a duration of several seconds. Figure 10 shows the cortical surfaces of Patients 1 and 9 (A and B, respectively). Three points on each of the cortical surfaces (indicated by a circle, an asterisk, and a triangle) were selected for tracking for a duration of approximately two cardiac cycles. The displacements of these features were measured relative to their locations at the beginning of tracking. These displacements are plotted with respect to time in Figure 10 . Patient 1 shows a pulsation with a maximum amplitude of nearly 2 mm, whereas Patient 9 shows practically no motion (an absolute displacement smaller than 0.5 mm is probably a result of noise in the reconstruction). The variation in brain pulsation may be correlated to the physiological characteristics; thus, it may be valuable to quantify this motion.
DISCUSSION
We have designed and implemented a novel stereo vision system capable of estimating, in nearly real time, the 3-D topology of a surgical scene. The system uses the binocular optics of the stereoscopic operating microscope and estimates the 3-D topology of the cortical surface using stereopsis. Given a stereo pair, the system can reconstruct the 3-D shape of the cortical scene minute to minute. The motion of the cortical surface can then be tracked by following these shape estimates over time. We hope to eventually build a real-time (i.e., 15 frames per second, the same rate as image acquisition) estimation and tracking system. This seems to be within reach and would simply require a faster processor and a more efficient software implementation.
We have presented results obtained with this stereo vision system for localizing cortical structures during 10 clinical cases. These cases include a variety of patient pathological conditions and surgical interventions. By tracking cortical surfaces, we have quantitatively recorded different types of movement during these surgeries. Motions observed include surface bulge caused by increased intracranial pressure or implanted devices, surface sag caused by gravity or tissue removal, cortical pulsation, and surface remodeling caused by tissue retraction and resection. Compared with an optical stylus, our stereo vision system is capable of localizing a point in three dimensions with an average error of approximately 1 mm. Compared with CT scanning, our system is capable of capturing the shape of the cortical surface with an average error less than 1.2 mm.
We recognize that the error in tracking the cortical surface in the OR may be higher than either that associated with localizing points on the bony rim of the craniotomy or that obtained during phantom studies of the cortical shape. Nonetheless, the correspondences between two reconstructed cortical shapes were established by minimizing the overall Euclidean distance between the two shapes, i.e., the iterative closest point algorithm. The true characteristics of tissue motion may in fact be more complex than that represented by this assumption. In particular, the tissue motion induced by resection, as shown in Figure 9 , is largely nonrigid. Therefore, the iterative closest point algorithm may not be suitable for tracking tissue motion during resection. To improve the tracking, we plan to test more sophisticated algorithms that allow us to correlate features in the microscope image with the reconstructed cortical surface and track the same feature to obtain displacement data. We also plan to quantify the tracking error using strategies proposed by Jannin et al. (20) .
A limitation of our stereo vision system is that it is capable of digitizing and tracking only the cortical surface visible at the craniotomy site. Although incomplete, an immediate use of cortical displacement data captured using our system is to aid computational brain models in developing estimates of the full volume deformation. Several groups, including ours, have constructed biomechanical brain models to perform nonrigid registration and update preoperative data (6, 11, 14, 23, 27, 32, 36) . The accuracy of these computational models may benefit from incorporating intraoperative data (24, 40, 42) , such as surface displacements. We are working to incorporate cortical surface motion, along with subsurface displacements captured by intraoperative ultrasound, into the brain model.
Tissue retraction and resection can also be modeled mathematically for updating the pMR images. Miga et al. (28) have proposed a strategy for modeling of resection that requires digitization of the resection cavity. In their initial attempt, the resected tissue volume was identified manually on the basis of the pMR images of the expected tumor margin. Using the stereo vision system, we can perform this task intraoperatively and obtain much more accurate results.
The ability to measure brain pulsatility is of uncertain usefulness, but its relationship to both normal and pathological patient conditions warrants further investigation. Although our stereo vision system is limited to digitization of the visible surface of the surgical field, in contrast to intraoperative MRI and intraoperative CT scanning, it is inexpensive, imposes no stringent implementation requirements, and causes no interruptions to the surgery. Compared with intraoperative ultrasound, our system does not involve tissue contact or introduce other forms of tissue deformation. 
